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Abstract
This work details the analysis of a parallel-plate actuator in viscous dielectric
media for biological applications such as probing and sorting cells. The
actuator achieves intended displacement (5 µm) at low actuation voltages
(0–18 V) in viscous dielectric media, namely water, methanol, and air.
1. Actuator
The actuator comprises of a clamped-clamped beam electrode and a
immovable stationary electrode to drive the beam electrode in the forward
direction (Figure 1(a), Table 1). The electrodes are coated with an insulator
for electrical insulation.
Table 1. Actuator parameters
Beam electrode length, l (µm) 2000
Beam electrode width, b (µm) 45
Beam electrode thickness, h (µm) 5
Gap between electrodes, d (µm) 5
Insulator film thickness, d1 (nm) 10
Dielectric constant of air, r,a 1
Dielectric constant of methanol, r,m 32
Dielectric constant of water, r,w 80
Damping coefficient for air, cˆa (Pa-s) 0.014
Damping coefficient for methanol, cˆm (Pa-s) 0.16
Damping coefficient for water, cˆw (Pa-s) 0.28
Beam material Young’s modulus, E (GPa) 130
Density of air, ρ f ,a (kg/m3) 1.2
Density of methanol, ρ f ,m (kg/m3) 790
Density of water, ρ f ,w (kg/m3) 1000
Axial tension force per unit length, Nˆ (N/m) 0
Area moment of inertia, I (m4) 4.7×10−22
Contact stiffness, kc (N/m4) [1] 1015
Contact damping, µˆ (s/m) 0.5
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Figure 1: Parallel-plate actuator. Sketch of the
actuator in (a) unenergized (b) energized states. (c)
Front view of the actuator in the energized state with
parameters shown.
Upon energizing the actuator by supplying voltage V , the beam electrode
moves in-plane closer to the stationary electrode (Figures 1(b) and 1(c)).
The actuator motion can result in axial stretching of the beam electrode.
2. Mathematical Model
The actuator is modeled as a continuous system by deriving a
reduced-order model and solved by employing the Galerkin method and
linear undamped mode shapes for a clamped-clamped beam. The model
(Eq. 1) is solved numerically using the built-in MATLAB function ode15s.
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Boundary Conditions
w(0, t) = w(l, t) = 0, ∂w
∂x
(0, t) = ∂w
∂x
(l, t) = 0, (1b)
where x is the coordinate along the beam electrode,w is the deflection of the
beam electrode, t is the time, g = (d−w) is the gap between the electrodes
at time t, V is the actuation voltage at time t, and H is the Heaviside step
function in terms of g. Please note that x, w, and t are scaled as X ,W , and
T using the terms l, d, and tp =
√
ρbhl4/EI, respectively.
3. Results and Conclusion
To understand the actuator behavior, the actuator is supplied with step and
sinusoidal actuation voltages for water, methanol, and air media (Figure 2).
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Figure 2: Actuator pull-in dynamics in air, methanol, and water media for step input voltages (V=2, 3.2, and
18 V). (a) The onset of pull-in instability. (b,c) Beam electrode deflection profiles at different instances in
time. Here, Tpi corresponds to nondimensional pull-in time for a specific media.
A. Step Input Voltage
The actuator dynamic response depends on actuation voltage and media
properties– viscous damping and dielectric constant (Figures 3 and 4).
The actuator response near the vicinity
of the pull-in instability is sensitive to the
actuation voltage V . For instance, the
actuator in water media with a pull-in
voltage amplitude V=1.59 V exhibits a
wide range of pull-in times– a 25%
increase in actuation voltageV (from 1.60
to 2.00 V) can lower the pull-in time to
a third (Figure 3). Similarly, for a fixed
actuation voltage, changes in damping
coefficient cˆ or dielectric constant r
exhibits a range of pull-in times (Figure 4).
Nondimensional time, T
0
0.2
0.4
0.6
0.8
1.0
N
o
n
d
im
e
n
s
io
n
a
l 
a
c
tu
a
to
r
d
is
p
la
c
e
m
e
n
t 
W
(1
/2
)
0 1 2 3
1.60 1.70 1.80
2.001.90
Figure 3: The effect of actuation voltageV on
the actuator pull-in dynamics in water media
(cˆ = 0.28 Pa-s).
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Figure 4: The effect of media properties (cˆ, r) on the actuator pull-in dynamics. (a) In water media for
actuation voltage V=2 V, dielectric constant r,w=80, and different damping coefficients cˆ. (b) For actuation
voltage V = 2 V, damping coefficients cˆ=0.28 Pa-s, and different dielectric constants r .
B. Sinusoidal Input Voltage
The actuator displacement traces W(1/2) for different sinusoidal voltage
waveforms V in water media captures the nonlinearities in the actuator
(Figure 5). There are two important observations:
• The actuator dynamics can be approximated to linear for lower actuation
voltage V <1.5 V and/or high actuation frequencies f >200 Hz.
• At very high actuation frequencies ( f >500 Hz), the beam electrode
does not pull-in into the stationary electrode, and the actuator experiences a
significant phase lag (θ=39o) and displacement drift (∆=0.092W) over time.
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Figure 5: Effect of actuation voltage V and frequency f on actuator dynamics in water media. Displacement
trace of the actuator W(1/2) for (a) different actuation voltage amplitudes V and voltage frequency f =100
Hz, and (b) different actuation voltage frequencies f and voltage amplitude Vo=1.6 V. Note that the time
period Tp refers to the voltage waveform, where Tp=1/(tp f ).
4. Future work
The mathematical model presented here will be expanded to model the
dynamics of a curved electrode electrostatic actuator [2] operating in
viscous dielectric media over a broad frequency range of 1–5000 Hz.
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